Introduction {#sec1}
============

Biorecognition at a solid/solution interface is a crucial step in many types of sensors. DNA oligonucleotides are frequently used as biorecognition probes, providing selectivity for complementary target nucleic acids that can be used for example to detect and diagnose infectious or genetic diseases, or to study gene expression patterns.([@ref1]) The ability of biorecognition probes to bind their complementary target molecule is impacted by surface attachment, which can introduce steric constraints and provide alternative, nonspecific binding opportunities.^[@ref2],[@ref3]^ Consequently, characterization of surface-bound probe molecules and their ability to bind target molecules from solution has been a major focus in array and sensor literature.

For nucleic acid detection, two factors that help determine the effectiveness of a given system as a sensor are the percentage of surface-bound probes that have captured a target (referred to as the hybridization efficiency) and the number of targets captured (total and per unit area).^[@ref4]−[@ref6]^ Hybridization efficiency is determined under conditions where maximum binding is expected (i.e., high target concentrations, long hybridization times), and provides a means of comparing probe accessibility in different surface configurations, for example, as the probe density or attachment chemistry is changed. A hybridization efficiency of 100% indicates that all of the probes were available for binding to target molecules from solution, while a lower value suggests that some of the probe molecules are unable to perform this function. The number of target molecules captured is important for detection sensitivity, and depends not only on the hybridization efficiency, but also on the probe surface density. Studies investigating hybridization efficiency can lead to improved surfaces for sensing applications, and a number of hybridization efficiency results have been reported for metal surface-immobilized probes.^[@ref6]−[@ref16]^ In general, optimal hybridization efficiencies are achieved for lower probe surface coverages and/or coadsorbed lateral spacer molecules that prevent nonspecific adsorption of probe nucleic acids to the gold substrate.^[@ref6]−[@ref11],[@ref13],[@ref14],[@ref17]−[@ref20]^ Alternatively, nanostructured surfaces that provide high curvature can facilitate high hybridization efficiency even at high probe surface coverages.^[@ref9],[@ref12],[@ref16]^ Maximizing the number of target molecules bound may or may not coincide with the best conditions for hybridization efficiency; it is not uncommon for more total targets to bind at higher probe densities despite the reduced hybridization efficiency.^[@ref6],[@ref9],[@ref10]^

These determinations all employed linear nucleic acid probes, that is, probes designed specifically not to adopt stable secondary structures. While important for many traditional DNA−DNA binding applications, studies involving strictly linear probes may not be applicable to other systems that employ structured nucleic acid probes, such as molecular beacons, which exhibit a hairpin structure when not bound to target nucleic acid sequences.^[@ref21]−[@ref23]^ Molecular beacon systems are attractive in biosensing for their high specificity, including their ability to discriminate single-base mismatches, and also for in situ analysis without rinsing steps.([@ref21]) A number of surface-immobilized molecular beacon detection schemes, both optical^[@ref24]−[@ref43]^ and electrochemical,^[@ref44]−[@ref52]^ have been used in both bioanalytical and biophysical studies of probe−substrate interactions. A number of these works have reported varying probe surface coverage and its impact upon probe surface structure and biosensor response.^[@ref24],[@ref47],[@ref49],[@ref50]^ Others have focused on hybridization buffer components and ionic strength or pH effects, finding that these parameters were important to maximize both hairpin unfolding and target binding.^[@ref24],[@ref28],[@ref35],[@ref38]^ Differences in probe−surface interactions between structured and unstructured probes have been reported.^[@ref24],[@ref49]^ These are generally attributable to molecular beacon probe stem-loop secondary structure and include decreased surface density and response to lateral spacer molecules.^[@ref24],[@ref31],[@ref32],[@ref45],[@ref49]^ Despite these important studies, to our knowledge, there have been no reports quantifying hybridization efficiency for surface-bound hairpin probes.

Hairpin probes immobilized on the surface of metal nanowires offer an opportunity to quantify hybridization efficiency for probes that have been designed to contain secondary structure. When nanowires contain segments of both gold and silver, the striping pattern of these two metals can be used as an identification tag, or barcode, to identify the probe sequence associated with that particle.^[@ref53],[@ref54]^ We have previously used this approach to perform multiplexed experiments in which several different target sequences were simultaneously detected, each on a different barcoded nanowire.^[@ref24]−[@ref27]^ Here, the nanowire platform facilitates quantification of probe molecules per unit area on the metal surface as well as evaluation of their fluorescence response.^[@ref24],[@ref25]^ Simple Au nanowires were used as supports for hairpin probes for hybridization efficiency determinations. We note that the nanowire dimensions (ca. 6 μm in length and 300 nm in cross-sectional diameter) are sufficiently large as to be good models for planar surfaces. For \<60 nm diameter nanospheres, particle curvature impacts oligonucleotide probe assembly and subsequent target hybridization.^[@ref55]−[@ref57]^ Beyond particle diameters of 100 nm, however, oligonucleotide immobilization behavior has been shown to be essentially the same as that for planar surfaces.([@ref55])

Here, we report the effect of probe surface coverage on the hybridization of hairpin probes bound to Au nanowires. We found that hybridization efficiency was highly dependent on the number of probes present and was maximized at an intermediate coverage. We also investigated the impact of target length on hybridization efficiency and assay performance in order to mimic the response of the sensor to longer, naturally occurring versus synthetic oligonucleotide targets and found that the location of nonhybridizing oligonucleotide stretches influenced performance. Characterization of biosensing platforms employing structured nucleic acids as probes is crucial, as these systems are increasingly used for detection of not only nucleic acids, but multiple other molecular species, such as proteins, small molecules, and ions, via other structured probes such as aptamers.^[@ref58]−[@ref60]^

Results and Discussion {#sec2}
======================

Although the hybridization behavior of surface-bound DNA probes designed to avoid secondary structure has been extensively characterized, to our knowledge, there has been no quantification of hybridization efficiency, much less how it is affected by probe surface coverage, for surface-bound probes exhibiting discrete, intentional secondary structure. We evaluate the effects of (1) probe coverage, (2) oligoethylene glycol diluent spacers, and (3) extra nonhybridizing bases on oligonucleotide target 5′ and 3′ ends on the hybridization efficiency for a hairpin sequence bound to metal nanowires.

The hairpin probe (**HP**) used here was designed to recognize a 23-nucleotide region of the human immunodeficiency virus (HIV).([@ref25]) This region is flanked on either side by five complementary nucleotides to form the stem-loop structure. **HP** bears a 5′ thiol for attachment to the nanowire and a 3′ TAMRA dye for detection. Emission is quenched due to proximity to the metal surface in the hairpin conformation; when target molecules bind, the TAMRA moves away from the surface and becomes fluorescent.^[@ref24]−[@ref27]^ Experiments were performed on gold scaffolds approximately 6 μm in length and 320 nm in cross-sectional diameter. Thiol attachment of **HP** to nanowires facilitated control and quantification of the number of **HP** molecules present per unit area. Fluorescence imaging experiments reported here were mean values from more than 100 individual wires per sample.

Hybridization Efficiency of Surface-Bound Hairpin Probes {#sec2.1}
--------------------------------------------------------

Determination of the hybridization efficiency requires knowledge of the number of molecules of hairpin probe and bound complementary target. Because some target molecules may bind nonspecifically to the surface rather than to their complementary probes, it is also necessary to correct for any nonspecific adsorption. Nonspecific adsorption of target molecules to the metal surface should not contribute to the fluorescence signal, but is undesirable since it would decrease the target molecules available for detection. We measured each of these in separate experiments performed in parallel, as illustrated in Scheme [1](#sch1){ref-type="scheme"}. Each experiment quantifies by fluorescence the desired molecule (probe, complementary target, or noncomplementary control) after removal from the nanowire surface by thiol displacement using β-mercaptoethanol (BME). Removal from the nanowires was necessary to avoid complications due to quenching by the gold surface and/or the proximity of the dyes to one another. Additionally, we quantified each component in separate experiments, and omitted the 3′ TAMRA from the **HP** probe when quantifying the other molecules to avoid complications arising from fluorescence resonance energy transfer.([@ref61]) We note that fluorescence strand labeling can impact duplex formation;^[@ref62],[@ref63]^ however, this is expected to be minimal in our system (e.g., TAMRA has been shown to stabilize DNA duplexes by increasing *T*~m~ \< 1 °C([@ref63])). The hybridization efficiency was then determined using the following equation: hybridization efficiency = \[(labeled target − labeled noncomplementary target)/labeled hairpin\] × 100%. Measurements for each type of strand were made in triplicate for determination of standard deviation, and errors were propagated through to obtain uncertainties in hybridization efficiency.

![Quantification of (A) TAMRA-Labeled Hairpin Probe, (B) AlexaFluor488-Labeled Targets, and (C) AlexaFluor488-Labeled Noncomplementary Targets](la-2010-031703_0001){#sch1}

Figure [1](#fig1){ref-type="fig"} (top) and [Supporting Information Table 1](#notes-1) show the effect of hairpin probe surface coverage on the number of complementary or noncomplementary strands bound to the nanowires. **HP** surface coverage was varied by performing the probe attachment at different ionic strengths to control the screening of the electrostatic repulsions between the adjacent probe molecules.^[@ref17],[@ref24]^ Higher ionic strengths yielded both higher packing densities and poorer quenching in the absence of target ([Supporting Information Figure 1](#notes-1)), phenomena that we have observed previously.([@ref24]) At ≤1 × 10^12^ probes/cm^2^, the number of targets (**T~comp~**) bound was low, even as compared to the number of probes (Figure [1](#fig1){ref-type="fig"}, top). At intermediate coverage (1.13−2.0 × 10^12^ probes/cm^2^), the number of bound target molecules approached the number of probes. Finally, at higher probe surface coverage (4.8−6.6 × 10^12^ probes/cm^2^), the number of bound targets per unit area decreased substantially despite the increased number of probe molecules. The total number of noncomplementary target (**T~NC~**) molecules bound stayed relatively constant and low ([Supporting Information Table 1](#notes-1)). The **T~NC~** term in the equation for hybridization efficiency was therefore only important at the lowest coverages. Hybridization efficiencies, plotted in Figure [1](#fig1){ref-type="fig"} (bottom panel) were low at the lowest probe coverages (∼20%), increased to a maximum of ∼90% at intermediate probe coverage, then decreased to ∼20% again at the highest coverages (Figure [1](#fig1){ref-type="fig"}, bottom).

![(top) Effect of **HP** surface coverage on the number of complementary targets (**T~comp~**, open circles), and noncomplementary targets (**T~NC~**, filled triangles) present. Inset: Expanded view of the lowest coverages. The number of probe strands is also included at each coverage for comparison (**HP**, filled circles), and the dotted line indicates the target coverage that would correspond to 100% hybridization efficiency, assuming no nonspecific adsorption. (bottom) Effect of **HP** surface coverage on the hybridization efficiency of **HP** probes bound to Au nanowires. The bottom axis is shared for both graphs.](la-2010-031703_0002){#fig1}

Our interpretation of these data in terms of the DNA−nanowire interface at different coverages is shown in Scheme [2](#sch2){ref-type="scheme"}. At low probe coverages, we propose that the probes were unfolded and bound to the metal surface via the nitrogen atoms of the nucleobases.([@ref64]) The availability of surface binding sites for nonspecific adsorption and the inaccessibility of the probe sequence for Watson−Crick base pairing with targets contributed to low hybridization efficiency (Scheme [2](#sch2){ref-type="scheme"}A). As the probes packed more densely (Scheme [2](#sch2){ref-type="scheme"}B), they provided additional steric and electrostatic repulsion to help reduce nonspecific adsorption, and were more accessible to binding target molecules from solution, leading to increased hybridization efficiency. The low hybridization efficiencies seen at the highest probe coverages can be explained by steric hindrance, which also detrimentally affects the hybridization efficiency of unstructured probes at high densities.^[@ref6]−[@ref9],[@ref11]^ There were many target binding sites, but targets were either unable to induce unfolding in the hairpins, or could not intercalate into the densely packed probe layer to hybridize to hairpins that might have been unfolded (Scheme [2](#sch2){ref-type="scheme"}C).

![Depiction of Hybridization Behavior at (A) Low, (B) Intermediate, and (C) High Hairpin Probe Coverages](la-2010-031703_0003){#sch2}

Further insight can be gained by examining the fluorescence intensity for **HP**-coated nanowires in the presence and absence of target. In the absence of target, the nanowires should appear nonfluorescent, as the fluorophore is in close proximity to the metal surface and emission is quenched.^[@ref26],[@ref65]^ Upon addition of a complementary target, the nanowires should appear bright, as the hairpin intramolecular 5 bp stem is broken and fluorophore is freed from constraint at the surface. This is largely what we observe, in that the samples to which target has been added are all much brighter than those without target ([Supporting Information Figure 1](#notes-1)). However, the fluorescence increases with increasing probe coverage even in the absence of target ([Supporting Information Figure 2](#notes-1)), attributable to a higher overall number of probes. The increase is roughly linear with no substantial changes in slope, indicating that the degree of quenching remains essentially constant as the surface coverage of **HP** changes. This can be interpreted as either (1) the distribution of **HP** conformations on the surface is unaffected by **HP** surface density, or (2) all conformations adopted by **HP** give essentially the same degree of quenching, such that even if the conformation changes with coverage, the intensity per **HP** molecule remains constant. We favor the second interpretation, which is physically possible because of the relatively long-range quenching provided by the metal surface, and is consistent with the low nonspecific binding and low hybridization efficiencies we observe at low surface coverage. Quenching can be effective up to 5 nm from the metal surface,^[@ref26],[@ref65],[@ref66]^ which corresponds to 15 base pairs of duplex DNA oriented perpendicular to the surface.

The *change* in fluorescence intensity upon target binding (i.e., target-present values minus target-absent values) increased with increasing probe coverage up to 5 × 10^12^/cm^2^ and then leveled off. This is in contrast to both the hybridization efficiency and the number of target molecules bound per unit area on the nanowire surface, both of which decreased after reaching a maximum at ∼2 × 10^12^**HP**/cm^2^ (Figure [2](#fig2){ref-type="fig"}). We attribute the increased fluorescence intensity despite fewer bound target molecules to restricted gyration of the duplex DNA at high probe packing densities, leading to a greater average distance between the TAMRA and the metal surface and hence greater emission per event than is observed at lower **HP** coverage. Plaxco and co-workers have observed a similar effect with an electrochemical hairpin system, wherein the signal was highly dependent on both target-bound and target-unbound probe conformations at different densities.([@ref47])

We note that there is not direct evidence that the molecular beacon probes initially exist in a hairpin structure on the surface; similar changes in fluorescence would be expected just due to changes in the rigidity and hence average surface−dye separation of single- versus double-stranded unstructured probes.([@ref67]) It is, however, reasonable to assume that many probes do adopt hairpin structures due to the greater stability of hairpin versus extended structures, and observed differences between traditional unstructured probes and molecular beacon probes support this interpretation.([@ref24]) We envision our surface as having a population of some hairpin and some extended conformations coexisting and interconverting, and attempted to show this in Scheme [2](#sch2){ref-type="scheme"}. Some intermolecular hybridization between the 3′ and 5′ ends of adjacent strands is also possible.

![Background-subtracted fluorescence intensity as determined by microscopy (open circles) and the number of target oligonucleotides present (filled circles) as a function of **HP** surface coverage. Each fluorescence intensity point corresponds to the mean from \>100 individual imaged nanowires. Error bars for fluorescence are 95% confidence intervals; error bars for hybridization efficiency and number of targets present are standard deviations. Lines between points are included to guide the eye.](la-2010-031703_0004){#fig2}

Effect of Surface Passivation with Thiolated Oligoethylene Glycol on Hybridization Efficiency {#sec2.2}
---------------------------------------------------------------------------------------------

A common approach to increasing hybridization efficiency for linear probes is to laterally space them out on the surface by backfilling or coadsorbing the probe with a diluent such as mercaptohexanol or a thiolated oligoethylene glycol.^[@ref6],[@ref8],[@ref10],[@ref11],[@ref17]−[@ref20],[@ref68]−[@ref73]^ These molecules are used to prevent multipoint attachment of thiolated probe molecules through their nucleobases, and as such make them more accessible for target binding from solution. They also help protect the surface from nonspecific adsorption of target or other molecules present in the solution. Results for surface dilution of molecular beacon probes using short chain thiols have been less encouraging with regard to quenching efficiency, which was evaluated by fluorescence quantification pre- and post-target addition.^[@ref24],[@ref32]^ These experiments([@ref24]) were performed at relatively high probe coverages of 6.4 × 10^12^ probes/cm^2^ pre-spacer addition; if in fact the **HPs** are unfolded onto the surface at very low coverage, backfilling can be expected to lead to more correct secondary structure and greater availability for target binding, increasing hybridization efficiency. We evaluated the impact of backfilling with a thiolated oligoethylene glycol, HS-OEG, on the hybridization efficiency of nanowire bound **HP**. We chose this molecule due to the ability of ethylene glycol to reduce biofouling.^[@ref74],[@ref75]^ Samples were prepared at two assembly ionic strengths (50 and 30 mM buffer) to provide samples of intermediate and low probe surface density. After backfilling with HS-OEG, the samples had 9 ± 1 × 10^11^ and 3.57 ± 0.08 × 10^11^ probes/cm^2^, and hybridization efficiencies of 68 ± 8% and 52 ± 11%, respectively. As compared to samples with similar probe densities that had not been backfilled with HS-OEG, this represented no difference for the higher coverage sample, but a 60% improvement in hybridization efficiency for the lower coverage sample. The improvement in hybridization efficiency for the 3.6−3.7 × 10^11^ probes/cm^2^ sample was due to a more than 10-fold decrease in the amount of noncomplementary binding: (1.6 ± 0.3) × 10^11^**T~NC~**/cm^2^ without HS-OEG spacers and (1.2 ± 0.2) × 10^10^**T~NC~**/cm^2^ with HS-OEG spacers. Binding of **T~comp~** was slightly reduced upon spacer inclusion, from (2.9 ± 0.2) × 10^11^**T~comp~**/cm^2^ to (2.0 ± 0.4) × 10^11^**T~comp~**/cm^2^. These data are consistent with our hypothesis that **HPs** interacted with the metal surface along their lengths at the lowest surface coverages (Scheme [2](#sch2){ref-type="scheme"}, top); the HS-OEG molecules prevented this interaction and resulted in a greater percentage of **HPs** adopting the desired secondary structure. Our data cannot differentiate **T~comp~** strands associated with the probes from those bound nonspecifically to the sites on the metal surface where **T~NC~** bound in the absence of HS-OEG; presumably both occurred. Furthermore, it is likely that the amount of nonspecific adsorption to the metal was very similar for **T~comp~** and **T~NC~**, which are similar in length and percent purine/pyrimidine composition. If the **HP** probes were fully available for hybridization at the low coverages without HS-OEG, we would expect the **T**~**comp**~ signal to be the sum of hybridized and nonspecifically adsorbed strands, and the **T**~**NC**~ signal to indicate the amount of nonspecific adsorption to the metal surface. Thus, **T**~**comp**~ should have decreased substantially when it was restricted to binding only through hybridization to **HP** and not to the bare Au between the probes. **T**~**comp**~ decreased only slightly, suggesting that the reduction in nonspecific adsorption was offset by an increase in hybridization.

Hybridization Efficiency of Longer Targets {#sec2.3}
------------------------------------------

In a real-world biosensing application, target length will not be matched to the length probe's hairpin loop, but will most likely be much longer, i.e., hundreds of bases. The placement of a complementary target sequence within a longer strand of nucleic acid can be expected to impact its hybridization to a surface-bound probe due to steric hindrance.^[@ref9],[@ref76]^ We therefore evaluated the effect of targets having additional, nonhybridizing nucleotides on either the 5′ or 3′ end to gain insight into the hybridization behavior at the solution−surface interface using a controlled system. It is not always possible to control the location of the complementary portion of the target sequence in real samples; however, when polymerase chain reaction (PCR) amplification is performed prior to detection, the sequence at the 3′ or 5′ end of the amplicon can be used.

![Illustration of Hybridization of Fluorescently Labeled Targets Incorporating Additional Nonhybridizing Nucleotides on the 5′ End (A), or 3′ End (B) of the Region Complementary to Surface-Bound Hairpin Probes](la-2010-031703_0005){#sch3}

Targets of extended length were employed that represent the region complementary to the hairpin loop, plus an extra 10, 20, and 50 nucleotides on either the 5′ or 3′ end of the HIV sequence (Scheme [3](#sch3){ref-type="scheme"}). Noncomplementary targets used in these assays represented matched lengths taken from an Influenza B sequence. The effects of these extra bases on hybridization efficiency are presented in Table [1](#tbl1){ref-type="table"} and Figure [3](#fig3){ref-type="fig"}. Note that although **HP** attachment was performed under the same conditions for each target, because the nanowires used for the 5′ target experiments were slightly longer than those used for the 3′ targets, **HP** coverage differed between the two (Table [1](#tbl1){ref-type="table"}). Thus, the change in hybridization efficiency for the 10 nt overhang as compared to the fully matched target cannot be attributed to the additional length alone, and may be primarily due to differences in probe coverage. However, we are able to directly compare the effect of adding 10, 20, versus 50 nt on either the 3′ or 5′ end. There was little change in hybridization efficiency with increasing length for targets incorporating extra 5′ nt, with values remaining near 80% even for the longest target tested. The 3′ overhang had a greater effect, decreasing from ∼40% for 10 nt to just 25% for 50 nt, which is consistent with the greater steric hindrance associated with the increased length on the 3′ end, which is oriented toward the nanowire surface (Scheme [3](#sch3){ref-type="scheme"}). These results are consistent with those of Fan and co-workers, who also observed a higher extent of hybridization when extra nucleotides of PCR amplicons were oriented toward solution instead of gold electrode surfaces.([@ref73])

###### Surface Coverages, Footprints, and Hybridization Efficiencies for Hybridization Assays Incorporating Targets with Additional Nonhybridizing Nucleotides

  extra nucleotide location and length   **HP** surface coverage (× 10^12^ probes/cm^2^)   complementary target coverage (× 10^12^/cm^2^)   noncomplementary target coverage (× 10^12^/cm^2^)   hybridization efficiency (%)
  -------------------------------------- ------------------------------------------------- ------------------------------------------------ --------------------------------------------------- ------------------------------
  none[a](#t1fn1){ref-type="table-fn"}   2.0 ± 0.1                                         1.96 ± 0.08                                      0.12 ± 0.01                                         90 ± 7
  none[a](#t1fn1){ref-type="table-fn"}   4.8 ± 0.6                                         0.91 ± 0.06                                      0.021 ± 0.009                                       18 ± 3
  5′-10 nt                               2.8 ± 0.6                                         2.3 ± 0.4                                        0.02 ± 0.01                                         80 ± 23
  5′-20 nt                               2.4 ± 0.2                                         2.0 ± 0.2                                        0.025 ± 0.005                                       83 ± 11
  5′-50 nt                               2.6 ± 0.5                                         2.1 ± 0.4                                        0.03 ± 0.02                                         81 ± 22
  3′-10 nt                               3.5 ± 0.3                                         1.5 ± 0.2                                        0.015 ± 0.005                                       42 ± 6
  3′-20 nt                               3.6 ± 0.4                                         1.4 ± 0.2                                        0.007 ± 0.003                                       38 ± 6
  3′-50 nt                               3.6 ± 0.3                                         0.89 ± 0.05                                      0.0159 ± 0.0009                                     25 ± 2

Because hybridization efficiency is dependent on probe coverage, two values for the fully matched target **T**~**comp**~ are included to bracket the **HP** coverage values found in the experiments using longer targets.

![Effect of target length on the hybridization efficiency of **HPs** bound to metal nanowires. Targets had extra nonhybridizing nucleotides on the 5′ end (open circles) or 3′ end (closed circles) of the region complementary to the probe sequence and were labeled at the 5′ end with AlexaFluor 488 to enable quantification. Error bars represent the standard deviation in the hybridization efficiency measurement.](la-2010-031703_0006){#fig3}

Fluorescence intensity data for experiments in which TAMRA-labeled **HP**-coated nanowires were exposed to the longer unlabeled complementary and noncomplementary targets are shown in Figure [4](#fig4){ref-type="fig"}. These experiments were performed using a single set of **HP**-coated nanowires ((2−3) × 10^12^**HP**/cm^2^) and hence can be directly compared. Complementary targets of all lengths gave substantially higher fluorescence intensity than noncomplementary controls. For targets incorporating extra nucleotides on the 5′ end, fluorescence increased somewhat as compared to unmodified **T**~**comp**~ (*p* \< 0.005 for the increase from 0 to 10 nt on the 5′ end). This may be due to the bound targets interacting with neighboring probes. The fluorescence intensity was however not strongly dependent on length; values for 10, 20, or 50 additional nucleotides were not statistically different (*p* \> 0.1). Additional nt on the 3′ end resulted in a slight decrease in fluorescence intensity with increasing length (*p* \< 0.05 for 0 vs 20 nt on 3′ end), consistent with the lower number of bound targets (Table [1](#tbl1){ref-type="table"}). However, this decrease was also not statistically significant when comparing 10, 20, and 50 additional nt targets to each other (*p* \> 0.1). These data were acquired in buffer solutions under high target concentrations (1 μM) and are hence not directly relevant to bioassay performance. They are encouraging for surface-immobilized hairpin bioassays because they indicate that extra nonhybridizing nucleotides did not appreciably hinder target binding, and the fluorescence response retained specificity even when challenged with long noncomplementary targets.

![The effect of target length on fluorescence hybridization signal for TAMRA-labeled **HPs** bound to metal nanowires. Targets were unlabeled and had extra nonhybridizing nucleotides on the 5′ end (open circles) or 3′ end (closed circles) of the region complementary to the probe sequence. Noncomplementary sequences of different lengths are shown for comparison (closed squares). Each fluorescence intensity point corresponds to mean from \>100 individual imaged nanowires. Error bars represent the 95% confidence level.](la-2010-031703_0007){#fig4}

Conclusions {#sec3}
===========

We report the first determination of hybridization efficiency for hairpin nucleic acid probes immobilized on a surface. The hybridization efficiency was highly dependent on probe coverage and reached a maximum of ∼90% at a coverage of 1.13−2.0 × 10^12^ probes/cm^2^. Hybridization efficiencies dropped to ∼20% at both higher and lower coverages, due to steric hindrance and adsorption of the probe to the metal surface, respectively. The use of thiolated oligoethylene glycol spacers increased the hybridization efficiency at the lowest coverages by displacing nonspecifically bound nucleotides from the surface. Inclusion of extra nucleotides at the 5′ end of the target resulted in retention of high hybridization efficiency and fluorescence intensity with respect to target length, whereas extra nucleotides on the target 3′ end yielded a decrease in hybridization efficiency, but only a slight reduction in fluorescence intensity with respect to target length. These investigations into the behavior of surface-bound structured nucleic acid probes can serve as guidelines in the interfacial design of emerging technologies that employ structured probes, such as those based on molecular beacon or aptamer probes on nanospheres, nanowires, and/or planar supports.

Materials and Methods {#sec4}
=====================

Materials {#sec4.1}
---------

All chemicals and biochemicals were used as received without further purification except where noted. Water for all experiments was purified using a Barnstead Nanopure system to a resistivity of 18 MΩ. Buffers employed in this work were (1) 1 M PBS (1 M NaCl; 10 mM sodium phosphate, pH 7.2), (2) 0.3 M PBS (0.3 M NaCl; 10 mM sodium phosphate, pH 7.2), (3) 10 mM PBS (10 mM sodium phosphate, pH 7.2), and (4) 0.5 M CAC (0.5 M NaCl; 20 mM cacodylic acid; 0.5 mM EDTA, pH 7.0).^[@ref25],[@ref31]^

Au nanowires were fabricated as previously reported and suspended to a concentration of 1 × 10^9^ wires/mL in ethanol.^[@ref53],[@ref77],[@ref78]^ Wire dimensions were 5.4−5.7 μm in length and 320 nm in cross-sectional diameter.^[@ref53],[@ref77],[@ref78]^ The hairpin DNA probe sequence was designed as described elsewhere and modified with a 5′ thiol for conjugation to Au nanowires and a 3′ TAMRA dye for fluorescence elucidation.([@ref24]) All DNA sequences (Table [2](#tbl2){ref-type="table"}) were obtained from Integrated DNA Technologies, Inc. (Coralville, IA). Thiolated hairpin probes were received as disulfides and were cleaved before use to yield terminal 5′ thiols. Cleavage was performed via reaction of 100 μM DNA with 100 mM dithiothreitol (DTT) in 0.1 M phosphate buffer, pH 8.3, for 30 min. The resultant product was then purified by a Centrispin 10 column (Princeton Separations) according to manufacturer protocols.

###### Sequences Used in This Work

  sequence (5′ to 3′)                                                                                                                                                                                            comments
  -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  thiol(CH~2~)~6~-*GCG AG*T GTT AAA AGA GAC CAT CAA TGA G*CT CGC*-TAMRA[a](#t2fn1){ref-type="table-fn"}                                                                                                          **HP**; Hairpin probe specific for a 23-base region of HIV[b](#t2fn2){ref-type="table-fn"}
  CTC ATT GAT GGT CTC TTT TAA CA[c](#t2fn3){ref-type="table-fn"}                                                                                                                                                 **T**~**comp**~; Target strand complementary to loop region of **HP**
  Alexa488-TCA CCG GTT CCG CAG ACC ACT ATG                                                                                                                                                                       **T**~**NC**~; Noncomplementary control target strand[b](#t2fn2){ref-type="table-fn"},[d](#t2fn4){ref-type="table-fn"}
  TGG AAT AGG CCC TGC ATG TAC TGG ATG TAA CCT GTC CCA TTC TGC AGC TTC [CTC ATT GAT GGT CTC TTT TAA CA]{.ul}T TTG CAT TGC TGC CTG ATG TCC CCC CAC TGT GTT TAG CAT AGT ATT TAA G[c](#t2fn3){ref-type="table-fn"}   Extended target sequence showing nonhybridizing nucleotides on either side of (underlined) **T**~**comp**~ region of the HIV sequence; our experiments used from 10 to 50 nt on 3′ or 5′ end, as noted in the text and figures[b](#t2fn2){ref-type="table-fn"}
  CAA TAG GTC TTT CCA CTG CAA ACA CTG GGC TGC AGC TTA TTT GGC CAG AC[C CTC CGT CTC CAC CTA CTT CGT T]{.ul}[c](#t2fn3){ref-type="table-fn"}                                                                       Noncomplementary target control representing a 73-base region of Influenza B virus; here, the underlined region is complementary to a probe used in reference ([@ref79]) and was used as the central segment onto which 5′ nt were added to produce noncomplementary targets of desired length

The italicized portions of probe sequence indicate regions of self-complementarity.

HIV, HCV, and Influenza B are all RNA viruses; however, here, our synthetic DNA targets served as viral nucleic acid mimics.

These sequences were available either unmodified or modified with a 5′ AlexaFluor 488 for hybridization efficiency determination.

Representative of a 23-nucleotide sequence of Hepatitis C Virus.

Determination of Surface Coverage {#sec4.2}
---------------------------------

Oligonucleotide sequences were displaced from the metal nanowire surfaces by treatment with an excess of BME.^[@ref12],[@ref24]^ Briefly, 2.5 × 10^7^ DNA-coated nanowires were suspended in 195 μL of 0.5 M CAC, and 5 μL of BME was introduced into the tubes for overnight reaction in the dark. Nanowires were pelleted by centrifugation, and the supernatant fluorescence was quantified using a Fluorolog-3 fluorimeter (TAMRA parameters: λ~ex~ = 558 nm, λ~em~ = 580 nm; AlexaFluor488 parameters: λ~ex~ = 492 nm, λ~em~ = 517 nm). Calibration curves were generated for each type of fluorescent DNA strand, and surface coverages were calculated based on nanowire dimensions.

Determination of Hybridization Efficiency {#sec4.3}
-----------------------------------------

Twenty-five microliters of nanowires (2.5 × 10^7^ wires) were rinsed one time by centrifugation (1 min at 7700*g*) out of ethanol, two times in 25 μL of water, and one time in 50 μL of selected buffer before resuspension in 75 μL of buffer to be used in the attachment process. To vary the surface coverage, buffers with differing ionic strengths were used. A high ionic strength buffer, 1 M PBS, was diluted with 10 mM PBS. To obtain buffers of very low ionic strengths, solutions of 10 mM PBS were diluted with deionized (DI) water. **HP** DNA was added such that the final concentration was equal to 1.0 μM. Samples were prepared in triplicate in order to generate standard deviations for each measurement. After reaction for 30 min, each sample was rinsed by centifugation two times with 75 μL of buffer. The nanowires bearing the **HP** probes were hybridized with fluorescently labeled targets from Table [2](#tbl2){ref-type="table"} as noted in the text, at target concentrations of 1.0 μM and volumes of 333 μL in 0.5 M CAC hybridization buffer. Posthybridization, each sample was washed two times with 333 μL of 0.5 M CAC, and the surface coverage of each type of labeled strand was quantified as described above.

After attachment of **HPs** to Au wires as detailed above in either 50 mM PBS or 30 mM PBS, the DNA-coated wires were exposed to 1 mM HS(CH~2~)~11~(OCH~2~CH~2~)~3~OH, (referred to as HS-OEG, SensoPath Technologies, Bozeman, MT) in 75 μL of either 50 mM PBS or 30 mM PBS for 30 min. Samples were then rinsed two times with 75 μL of 50 mM PBS or 30 mM PBS and hybridized as previously described, using labeled/unlabeled **T**~**comp**~ and **T**~**NC**~ as the target and fluorescently labeled noncomplementary target, respectively.

Optical Microscopy {#sec4.4}
------------------

For samples to be imaged under an optical microscope, **HP** probes were immobilized to nanowires as described above, and these nanowires were then hybridized with unlabeled targets from Table [2](#tbl2){ref-type="table"} as noted in the text, at target concentrations of 1.0 μM. Targets were not rinsed out posthybridization.([@ref25]) Directly after hybridization, a 10 μL aliquot of nanowire suspension was placed onto a glass coverslip. Images were acquired using a Nikon TE-300 inverted microscope with a CFI plan fluor 60x oil immersion lens (N.A. = 1.4) and ImagePro Plus version 4.5 and 7.0 software. Images were captured using a Coolsnap HQ camera (Photometrics). The light source was a 300 W ozone-free Xe lamp. A Nikon filter cube with Semrock filters specific for TAMRA excitation and emission (excitation: 531/40, emission: 593/40, dichroic: 562 long-pass) was employed to obtain fluorescence images, and reflectance images were obtained with white light. NBSee Software (Nanoplex Technologies) was employed to quantify fluorescence intensity.([@ref80]) Briefly, the reflectance and corresponding fluorescence images were analyzed for several hundred nanowires, and a log mean fluorescence intensity was generated.([@ref25])

This work was funded by the National Institutes of Health (R01 EB000268 and R21 CA137595).

Raw numerical data for the populations of hairpins, complementary targets, and noncomplementary targets to determine hybridization efficiency, quantification of fluorescence intensity in the presence and absence of target strands at different probe coverages, fluorescence in the absence of target as a function of probe coverage. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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